Field-induced ferroelectric and commensurate spin state in mutiferroic HoMn 2 C>5 
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Neutron diffraction measurements under high magnetic fields have been performed for the multi- 
ferroic compound HoMn20r,. At zero field, high-temperature incommensurate magnetic (HT-ICM) 
- commensurate magnetic (CM) - low-temperature incommensurate magnetic (LT-ICM) orders oc- 
cur with decreasing temperature, where ferroelectric polarization arises only in the CM phase. Upon 
applying a magnetic field, the LT-ICM phase completely disappears and the CM phase is induced at 
the lowest temperature. This field-induced CM state is completely associated with the field-induced 
electric polarization in this material [Higashiyama et at, Phys. Rev. B 72, 064421 (2005).], strongly 
indicating that the commensurate spin state is essential to the ferroelectricity in the multiferroic 
7?Mn205 system. 

PACS numbers: 61.12.Ld, 64.70.Rh, 75.47.Lx, 75.80.+q 



Cross-correlations among different extensive (or inten- 
sive) variables have been one of the most important is- 
sues from both scientific and technological points of view. 
Among them, the correlation between magnetic and di- 
electric properties, which is actualized as a magentoelec- 
tric (ME) effect, has recently drawn much attention and 
been studied intensively. Although the ME effect, where 
an electric polarization induced by a magnetic field or 
inversely a magnetization induced by an electric field, 
has been predicted since a long time agoQ, the mag- 
nitude of the ME effect has been too small to reply to 
an industrial demand thus far. However, it has recently 
been found that i?MnC>3 and RM112O5 (R = rare earth, 
Bi, or Y) systems show a colossal ME effect which 
provides new candidate materials for multifunctional de- 
vices such as a magnetically controlled ferroelectric mem- 
ory. Numerous studies have revealed that these materials 
show a "multiferroic" behavior, where magnetic and di- 
electric orders coexist in almost the same temperature 
range and their order parameters strongly couple with 
each other 0, 0, However, the microscopic properties 
of the antifcrromagnctism and ferroelectricity as well as 
their relevance to the colossal ME effect have not been 
fully understood yet. To clarify them, we have studied 
the magnetic and dielectric properties of the i?Mn2 0,5 
system using a neutron diffraction technique. Our sys- 
tematic studies for .RM112O5 compounds with R = Er, 
Y, Tb and Tm have revealed that the incommensurate- 
commensurate phase transition for Mn 3+ and Mn 4+ spin 
structures strongly correlates with a ferroelectric phase 
transition!! S 11 13 E3 

Recently, Higashiyama et al. reported the effects 
of magnetic field on the dielectric properties of the 
H0M112O5 compound^!. They found that the mag- 
netic field along the 6-axis induced a spontaneous elec- 
tric polarization, indicating that the ferroelectricity in 
the -RM112O5 system is magnetically driven. However, to 



clarify the origin of field-induced ferroelectricity, a mi- 
croscopic investigation for magnetic properties as well as 
for the lattice distortion that arises from the ferroelec- 
tricity is indispensable. In this work, we thus performed 
a neutron diffraction study under a magnetic field for a 
H0M112O5 single crystal to establish the magnetic phase 
diagram for the spin structure and its relevance to the 
dielectric phase diagram. Our measurements reveal that 
the incommensurate-commensurate phase transition on 
the spin structure occurs when the magnetic field is ap- 
plied along the 6-axis, showing that the commensurate 
spin state is essential to the ferroelectricity in HoMi^Os. 

A single crystal of HoM^Os was grown by a PbO- 
PbF2 flux method^). The size of the crystal was about 
100 mm 3 . Neutron diffraction measurements were per- 
formed using the thermal neutron triple-axis spectrome- 
ter TAS-2 installed at JRR-3M in the Japan Atomic En- 
ergy Agency. The sample was mounted on the (h I) 
scattering plane with a vertical-field superconducting 
magnet, which results in applying a field along the b- 
axis perfectly. The incident and final energies of neu- 
trons were fixed at 14.3 meV using a pyrolytic graphite 
(PG) (002) monochromator and an analyzer. A PG filter 
was inserted in front of the sample to reduce higher-order 
contamination. The experimental configuration was 15'- 
80'-80'-80'. In the field cooling process, we applied the 
magnetic field at 60 K, far above Tn. We also performed 
magnetic structure analysis at the commensurate mag- 
netic phase under zero magnetic field using an identical 
H0M112O5 single crystal. Details of the structure analysis 
involving the results for YM^Os and ErM^O.s will be 
published elsewhere [lfij. 

HoMn205 has an orthorhombic structure with Pbam 
symmetry at room temperature, where edge-sharing 
Mn 4+ 06 octahedra align along the c-axis and pairs of 
Mn 3+ Of| pyramids link the Mn 4+ Og chains in the ab- 
plane[lj|. The 4/- moment of Ho 3+ , and the 3d- moment 
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of Mn 4+ and Mn 3+ ions are responsible for the char- 
acteristic magnetism in this system. In zero magnetic 
field, we have obtained magnetic and dielectric proper- 
ties analogous to those of other i?Mn 2 5 compounds re- 
ported previously 

0, H, IS 13 13 03 Figure [Ha) shows 
dielectric constant as a function of temperature, where 
two phase transitions are seen apparently at ~ 39 K 
(= T C i) and ~ 20 K (= T C2 ). It was reported that 
the spontaneous polarization along the 6-axis grows up 
below Tcii whereas the polarization becomes weaker or 
almost vanishes below Tc2^3- ^ n ^his paper, we respec- 
tively call the intermediate T phase between Tci an d 
Tc2, and the lowest T phase below Tq2, the FE and X 
phases, as defined in Rcf. [l3^ . The temperature de- 
pendence of the intensity of magnetic Bragg peaks is 
shown in Fig. IHb). Filled and open symbols indicate 
the intensity observed at incommensurate and commen- 
surate Q positions, respectively. As seen in Fig.njb), a 
high-temperature incommensurate magnetic (HT-ICM) 
phase appears (closed triangles) below Tn and disappears 
at Tci, where the commensurate magnetic (CM) phase 
(open circles) and the ferroelectric (FE) phase arises con- 
currently. On further cooling, the CM phase vanishes 
and a low-temperature incommensurate magnetic (LT- 
ICM) phase (closed circles) emerges around Tc2, where 
the spontaneous polarization becomes almost zerojl3j. 
The inset in Fig. ^b) shows the Q position of the mag- 
netic Bragg peak denoted with a propagation wave vector 
q = (Qx (j z ) in three different magnetic phases. Note 
that the minor CM phase persists even below Tq2, which 
coexists with the major LT-ICM phase. Both the dielec- 
tric and magnetic phase diagrams as functions of tem- 
perature are schematically shown in the middle panel of 

Fig.m 

On applying the magnetic field along the 6-axis up 
to 13 T, the spin structure at the lowest temperature 
markedly changes. Figure shows contour maps of LT- 
ICM and CM Bragg intensities around Q = (| 2-\) at 
T = 4K, taken under zero field and H = 13 T. These 
maps correspond to slices along the (h I) reciprocal 
plane. At zero field, as seen in Fig. Ufa), two peaks 
are found at the incommensurate position described as 
the propagation vector of q - (\ ±0.019 \ +0.022). 
However, when the magnetic field of 13 T is applied 
on the field cooling (FC) process, the two incommen- 
surate peaks completely disappear and a single peak ap- 
pears exactly at the commensurate position, shown in 
Fig- Gib). FigureEfc) shows the data taken at 13 T with 
the zero-field cooling (ZFC) process, where the incom- 
mensurate peaks still persist. The difference between 
the peak distribution in the FC process and that in 
the ZFC process means that there is a large hysteresis 
at the incommensurate-commensurate phase transition, 
suggesting the first-order nature of the phase transition. 
The first-order nature is also seen in the dielectric phase 
transition between the FE and X phases 01 . This one-to- 
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FIG. 1: (Color online) Temperature dependences of (a) di- 
electric constant along 6-axis and (b) integrated intensities 
of LT-ICM (filled circles), CM (open circles), and HT-ICM 
(filled triangles) Bragg peaks, taken at H = T. The middle 
part of this figure shows a schematic phase diagram for di- 
electric and magnetic properties. Positions of magnetic peaks 
(propagation wave vectors q x , q z ) in LT-ICM, CM, and HT- 
ICM phases are depicted in the inset of Fig. Qb). 

HoMn 2 5 , lS'-SO'-SO'-SO', E, = 14.3 meV, T-4 K, H I! fc-axis 
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FIG. 2: (Color online) Intensity maps of LT-ICM and CM 
Bragg peaks around (| 2-i) in (h I) zone at T — 4 K. 
Data was taken under (a) H = T, (b) H = 13 T in field 
cooling (FC), and (c) H = 13 T in zero-field cooling (ZFC). 
The magnetic field was applied along the 6-axis. 



one correspondence between the magnetic and dielectric 
properties clearly shows that the FE phase is magneti- 
cally induced. 

The detailed field dependences of order parameters for 
the LT-ICM, HT-ICM, and CM phases are summarized 
in Fig. 01 All the data were taken in the FC process 
up to H = 13 T. Figure |3[a) shows the temperature de- 
pendence of intensity for LT- and HT-ICM Bragg peaks. 
The behavior of the HT-ICM signal at around 40 K, in- 
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FIG. 3: (Color online) Temperature dependence of integrated 
intensity for (a) LT-ICM, HT-ICM and (b) CM Bragg peaks, 
taken under H = T and 7.5 < H < 13 T. Insets show 
enlarged views of the data below T — 20 K and < H < 
7.5 T. 
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FIG. 4: (Color online) Field dependence of propagation wave 
vector q = (q x q z ) taken at T = 4 K, 25 K, and 40 K. (a)- 
(c), and (d)-(f) correspond to the results for q x and q z com- 
ponents, respectively. Filled circles, open circles, and filled 
triangles denote the data from LT-ICM, CM, and HT-ICM 
peaks, respectively. 



volving the appearance and disappearance temperatures 
and the intensity variation, is completely independent of 
magnetic field. In contrast, the appearance temperature 
of the LT-ICM peak and its intensity decrease with in- 
creasing field. As for the CM signal shown in Fig.|^b), 
the appearance temperature (Tci) and the evolution of 
the order parameter above ~ 20 K do not change signifi- 
cantly, whereas the intensity of the signal below ~ 20 K 
is enhanced with increasing magnetic field. The field de- 
pendence for LT-ICM and CM signals becomes marked 
in the region between 10 T and 13 T, where both phases 
coexist and the fraction of intensity in each phase changes 
with field. This behavior indicates that incommensurate- 
commensurate magnetic phase transition has a strong 
first-order nature, which is consistent with the large hys- 
teretic behavior seen in Fig. [21 The insets of Fig. [3| show 
the detailed temperature dependence below T = 20 K 
under magnetic fields between T and 7.5 T. At zero 
field, not only the major LT-ICM but also the minor 
CM phases evolve with decreasing temperature. How- 
ever, above H = 2.5 T, the temperature evolutions of 
both phases are almost saturated. Although the details 
are not clarified yet, this behavior might indicate the 
field response related with a Ho 3+ moment induced by 
the ordering of Mn 3+ and Mn 4+ moments. Indeed, the 
magnetic structure analysis under zero field using the 
identical single crystal shows that Ho 3+ moments of up 



to ~ 1.3/iB are induced even at 25 K (CM phase) [l5T] . 

A magnetic propagation wave vector described by q = 
{ix q z ) as a function of magnetic field and temperature 
was measured. Figure 0] shows the field dependence of 
q taken at T = 4 K, 25 K, and 40 K, corresponding 
to the LT-ICM, CM, and HT-ICM phases under zero 
field, respectively. The results for q x and q z components 
appear on the upper panels (Figs.0Ja)-(c)) and the lower 
panels (Figs. Eld)-(f)), respectively. It is clearly seen 
that as magnetic field increases, the q vectors for the CM 
and HT-ICM phases (open circles and filled triangles) are 
almost field independent, whereas those for the LT-ICM 
phase (filled circles) approach a commensurate position, 
indicating that the LT-ICM phase becomes unstable due 
to the development of the CM phase. It should be noted 
that the q z component at 40 K also comes close to the 
1/4 position at H = 13 T. This might indicate that a 
onc-dimcnsionally modulated ICM order is induced by 
the magnetic field, the phase of which was observed in 
ErMn 2 5 [| and YMn 2 O 5 at zero field. 

To overview the correlation between the field response 
of the microscopic magnetic property and that of the di- 
electric property, we mapped out the magnetic field (H) 
- temperature (T) phase diagram for LT-ICM, CM, and 
HT-ICM states. Figure shows the contour map of the 
intensities of the magnetic signals as functions of temper- 
ature and magnetic field only in the FC process. Bound- 
aries between each phase are roughly indicated by white 



4 
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FIG. 5: (Color online) H-T phase diagram for ICM and CM 
states in HoM^Os, shown as the contour map of intensity for 
ICM and CM magnetic signals. The dielectric phase diagram 
taken by Higashiyama et al.(vei. Il3j0 is superposed in this 
figure. 



dashed lines. Distributions for each phase are expressed 
by a gradation sequence. The obtained phase diagram 
apparently shows that HT-ICM is completely field inde- 
pendent, whereas the LT-ICM phase rapidly disappears 
and the CM phase is induced around H ~ 11 T. Com- 
paring our H-T phase diagram with the dielectric phase 
diagram^], it is quite interesting that the LT-ICM and 
CM phases in the magnetic property perfectly correspond 
to the null or weak ferroelectric (X) phase and the robust 
ferroelectric (FE) phase, respectively. These experimen- 
tal facts evidently establish that the commensurate spin 
state is indispensable to the ferroelectricity, and thus the 
dielectric property in this system has a magnetic origin. 

Our results have shown that the magnetic field strongly 
affects the magnetism below ~ 20 K (Tq2 at zero 
field), whereas the magnetism above ~ 20 K is almost 
field independent. This strongly suggests that the 4/- 
moment of rare-earth atoms, of which amplitude be- 
comes larger as temperature decreases, significantly con- 
tributes to the field responses in the magnetic and dielec- 
tric properties. Actually, as many studies have reported, 
a large ME effect has been found only in the lower- 
temperature region (LT-ICM phase at zero field) 0EJ. 
Recent symmetric analysis of the magnetic structure for 
(Tb,Ho,Dy)Mn205 has shown that the magnetic inter- 
action in Mn 3+ and Mn 4+ sublattices is geometrically 

frustratedpSOil. 

Such magnetic frustration might in- 
duce a competing magnetic ground state, that can be eas- 
ily tuned by the f — d spin exchange interaction between 
R 3+ and Mn 3+,4+ ions. Our magnetic structure analysis 
in the CM phase of (Y,Er,Ho)Mn205 single crystals also 
clarified that the magnetic structure of Mn ions is com- 



mon regardless of the existence of the / moment || Hif . 
Combining these results with the present observation of 
the field- induced CM state in HoMi^Os, it is strongly 
suggested that the commensurate magnetic ground state 
in Mn ions is indispensable to the ferroelectricity in 
i?Mn 2 05 compounds. 

Microscopic mechanisms of the magnetically driven 
ferroelectricity have been theoretically proposed with 
various frameworks such as exchange stricti on 20l| and 
Dzyaloshinskii-Moriya (D-M) interactional l22j . How- 
ever, all the predictions do not require the commensu- 
rate spin state. The detailed magnetic and crystal struc- 
ture analyses in both LT-ICM and CM phases are essen- 
tial for completing the microscopic correlation between 
the magnetic and dielectric properties of the multiferroic 
.RM112O5 system. 

In summary, we have found the magnetic-field- 
induced commensurate spin state in H0M112O5. The 
field evolution of the commensurate ground state com- 
pletely traces the development of the ferroelectric phase. 
Incommensurate-commensurate phase transition has a 
first-order nature, which is also consistent with a first- 
order ferroelectric phase transition. This study has mi- 
croscopically shown that the commensurate spin state is 
essential to the ferroelectricity in the i?Mn20s system. 
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